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Abstract: This study investigated the heat transfer characteristics of composite multilayer insulation
(MLI) materials used for the storage and transport of liquid hydrogen at cryogenic temperatures. This
research focused on analyzing the effects of thermal boundary temperature, total layer count, and
vacuum level on the heat flux through the insulation material. Based on the layer-by-layer model, a
heat transfer model of composite MLI was constructed. This research introduces a novel method for
analyzing the heat transfer properties of composite MLI in the liquid hydrogen temperature range.
Results indicate that heat flux increases with higher thermal boundary temperatures, with the MLI
layers near the cold boundary playing a critical role in overall insulation performance. Additionally,
numerical analysis was conducted to examine the impact of different material combinations and
variations in vacuum level on heat transfer characteristics. Findings reveal that adding spray-on
foam insulation reduces heat flux by 20.76% compared to using MLI alone. Furthermore, increasing
the total number of MLI layers effectively mitigates heat flux increase, achieving an optimal heat flux
of 0.5377 W/m? with a total of 50 layers.

Keywords: composite multilayer insulation; liquid hydrogen temperature range; heat transfer
characteristics; heat flux

1. Introduction

Liquid hydrogen technology serves as a critical method for hydrogen energy ap-
plications and large-scale storage and transportation, offering advantages such as high
volumetric hydrogen storage density and purity. It has already been applied in various
fields, including chemical engineering and steel refining [1,2]. However, due to its low
liquefaction temperature and latent heat of vaporization [3], it is highly susceptible to cold
losses during storage and transport [4,5]. To minimize the loss of liquid hydrogen, effective
insulation methods must be carefully chosen.

Literature research indicates that using composite multilayer insulation materials
can significantly reduce evaporative losses of low-temperature liquids. The predominant
configuration of composite multilayer insulation is comprised of SOFI and MLI [6], and
SOFl is primarily utilized for thermal leak protection of low-temperature tanks at ambient
pressure. MLI consists of alternating high-reflectivity radiation layers and low thermal
conductivity spacer layers, which utilize successive layer reflections to achieve high thermal
resistance against radiative heat, thereby reducing tank heat leakage [7].

Extensive theoretical and experimental research has been conducted on the thermal
insulation performance and structural optimization of composite multilayer insulation
materials both domestically and internationally. Hastings et al. [8] conducted experimental
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studies on 3.53 mm SOFI and 45-layer variable-density MLI in the liquid nitrogen tempera-
ture range, achieving a heat leakage of 0.31 W/m? for the composite MLIL. Huang et al. [9]
developed a numerical model based on the finite volume method, considering radiation
and thermal conduction effects. The model computed an effective thermal conductivity
with less than 4% deviation from measured values. Li et al. [10] established a layer-by-layer
model to evaluate MLI performance, demonstrating that 50 layers provide optimal thermal
insulation, with a vacuum level below 0.01 Pa. Maynard et al. [11] primarily discussed the
influence of hydrogen and nitrogen as residual gases in a degraded cold vacuum, leading
to transient and complex interactions in achieving a steady-state condition. Jiang et al. [12]
investigated the relationship between environmental humidity and composite MLI in the
liquid nitrogen temperature range through theoretical and experimental studies, revealing
an approximate 13.07% increase in apparent thermal conductivity with rising humidity.
Hastings et al. [13] conducted experimental studies using a versatile hydrogen test bed,
measuring a heat flux of 0.22 W/m? into a liquid hydrogen tank under high vacuum condi-
tions at an ambient temperature of 305 K. Additionally, other researchers [14-19] studied
the heat transfer behavior of composite MLI and variations in insulation performance
related to environmental pressure, spacer materials, radiation shield emissivity, ratio of
entropy generation, layer density, or specific form of cryogenic vessel in the liquid nitrogen
or hydrogen temperature range.

Nevertheless, existing studies primarily focus on the insulation performance of MLI
under liquid nitrogen temperature conditions, on typical MLI heat transfer models within
the hydrogen temperature range, or a cryogenic vessel with a vapor-cooled shield. The
thermal characteristics and temperature distribution of composite MLI in the liquid hy-
drogen temperature range, however, remain unclear. Considering the different storage
media that can lead to changes in internal temperature distribution and thermal properties
of MLI, resulting in varied heat transfer characteristics within the materials, a numerical
model predicting the interlayer temperature distribution of composite MLI in the liquid
hydrogen temperature range based on the layer-by-layer model is proposed and validated
for accuracy. Subsequently, the combined effects of MLI and foam insulation materials on
heat transfer in liquid hydrogen tanks are analyzed. This study explored the evolution
of heat flux with thermal boundary temperature, vacuum degree, and number of layers
for composite multilayer materials in the liquid hydrogen temperature range, thereby
providing a theoretical foundation for the widespread application of composite MLI in
liquid hydrogen storage tanks.

2. Methodology

A numerical model was developed to study the interlayer temperature distribution of
composite MLI within the liquid hydrogen temperature range, as illustrated in Figure 1.
The SOFI used is a polyurethane foam coating, while the multilayer material consists
primarily of radiation layers consisting of aluminized films and spacer layers made of
polyester. Considering that the heat transfer in composite materials involves multiple
modes—including radiation, conduction, and convection—that interact with each other,
the actual situation is quite complex. To ensure computational accuracy, the following
assumptions are constructed [20]:

(1) The surrounding environmental temperature and vacuum degree around the compos-
ite MLI are constant.

(2) The space between adjacent radiation screens within the multilayer materials is finite
and enclosed.

(3) Longitudinal heat transfer within the materials is negligible, and all heat transfer is
assumed to be axial.

(4) The contact thermal resistance between SOFI and MLI under steady conditions is
neglected.

Thus, heat transfer through the composite MLI can be considered one-dimensional.
Since all heat transfer occurs axially, the total heat flux through the composite MLI aligns
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with the heat flux through both the MLI and SOFI layers. As shown in Figure 1, the cold
boundary is the interface where the SOFI contacts the outer wall of the inner vessel, while
the hot boundary is the interface where the MLI contacts the inner wall of the vacuum
jacket of the cryogenic vessel, which can be expressed as follows:

dSOFI = qMLI = Gtot 1)

where g0t represents total heat flux through the composite MLI (W / m?), gmL1 denotes heat
flux through the MLI (W/m?), and gsop; indicates heat flux through the SOFI (W/m?).
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Figure 1. The schematic diagram of the numerical model.

2.1. Heat Transfer in SOFI
The heat flux through the SOFI (4sorr1) can be expressed using Fourier’s law:

A
4sOF1 = SE (T — Te) (2)

where Agopy is a temperature-dependent function, obtained by Barrios et al. [21] through
fitting experimental data:

Asorr = 4 x 1079T2 — 2 x 107°T2 — 0.009 ®)

where L is thickness of the SOFI in the composite MLI (m), T¢ is cold boundary temperature
of the composite MLI (K), T is interlayer temperature between the SOFI and MLI (K), and
Ts is internal temperature of the SOFI (K).

2.2. Heat Transfer in MLI

The heat transfer mechanisms in MLI are primarily related to the application envi-
ronment. Total heat transfer includes radiative heat transfer, gaseous conduction, solid
conduction, and convective heat transfer. Given the small spacing between adjacent radia-
tion and spacer layers, convective heat transfer is generally assumed to be non-existent in
MLI [22]. Therefore, the heat leakage in MLI primarily includes radiative heat transfer g,
gaseous conduction gg, and solid conduction g5, which can be expressed as follows:

gMLI = 4r +qg + 4s 4)
The gaseous conduction in MLI (g) is given by the following:

1
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where o is thermal accommodation coefficient (0.9 for gases), P is vacuum degree (Pa), T;
and Tj_ are the temperatures at the two ends of node layer i, 7 is the ratio of Cp and Cy,
Cp is specific heat at constant pressure, Cy is specific heat at constant volume, and R is
universal gas constant, valued at 8.315 kJ/(mol-K).

The solid conduction in MLI (gs) is given by the following;:

~ GfA
qs - 5

(Ti — Ti—1) (6)

where C, is an empirical parameter (0.008), 6 is thickness of the spacer layer (m), and f is
the relative density of the spacer layer compared to the MLI (0.02). For polyester spacers, A
is a function of T; and Tj_1 as described by the following [13]:

Ti+ T T+ T
A=001747x107° x (800 — M) +0.0228 x 1n(%) 7)
The radiative heat transfer in MLI (g;) is given by the following;:
o(TH—T* )

(57 + g1 1)

where o is the Stefan-Boltzmann constant (5.67 x10~8 W/m?2-K*), T; and T;_; are the tem-
peratures at the two ends of node layer i, and & and ¢;_1 are the emissivities of the hot and
cold surfaces of two adjacent radiation layers, both assumed to be 0.04 for aluminized films.

2.3. Interlayer Temperature of Composite MLI

The interlayer radiative heat transfer, gaseous conduction, and solid conduction
in composite MLI within the liquid hydrogen temperature range are constructed and
solved using the layer-by-layer model [23]. Since the heat transfer in composite MLI is
one-dimensional, the heat flux between adjacent layers is equal, so that the temperature
distribution can calculated via thermal resistance.

The thermal resistance of the SOFI (Rsogy) is given by the following:

Rsopr = Asom

The thermal resistance for gaseous conduction (Rg) is given by the following:

Ry = r-1 (10)

1
(7+1)(ganr) * P

The thermal resistance for radiative heat transfer (R;) is given by the following:

G+ -1

i &i-1

R, =
Co(TPHTE )T+ i)

(11)

The thermal resistance for solid conduction (R;) is given by the following:

0

Rs = m (12)

Therefore, the total thermal resistance between any two adjacent radiation screen
spacer layers in MLI (R;) is expressed as follows:

Ri =Ry +Rs+ Ry (13)
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The heat flux and temperature distribution can be solved using the above equations.
Since the heat flux between adjacent layers of MLI is equal, it can be expressed as follows:

Ti-1 =qi = i1 (14)
The interlayer temperatures in MLI are then solved as follows:
X
LR
i=1

) R; + Rsort

T; = Tc + (Ty — Tc) (15)

X
1=

2.4. Model Validation

To validate the model, the temperature distribution of the composite MLI numerical
model is compared with the experimental data from Huang et al. [9], which measured the
heat flux and temperature distribution of a composite material consisting of 40 mm SOFI,
42 radiation layers, and 128 spacer layers using a liquid nitrogen evaporation calorimeter
system. Table 1 shows the physical properties for composite multilayer adiabatic materials
and Figure 2 compares the temperature distribution between the numerical model and the
experimental data. Under a vacuum degree of 1073 Pa, with a cold boundary temperature
of 77 K and a hot boundary temperature of 293 K, the predicted curve closely matches the
experimental data, showing an overall deviation of less than 1.69%.

Table 1. Physical properties for composite multilayer adiabatic materials.

Property Value
Foam emissivity 0.8
Reflection layer emissivity 0.04
Spacing gas N,
Empirical constant of Spacing thermal conductivity 0.008 W/(m-K)
300 - 0.31
—#- Experiment 69
250 —*— Simulation '
g
o 200
=
=]
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. 150
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Figure 2. The comparison curve between the model and experimental results.

Additionally, the experimentally measured heat flux through the composite MLI
under these conditions is 0.2279 W/m?, while the heat flux obtained from the numerical
model is 0.2298 W /m?, resulting in an error of 0.83%. The minor discrepancy in heat
flux can be attributed to the model’s assumption of constant thermal conductivity for the
spacer material, whereas in the experiment, the thermal conductivity of the spacer material
varies with temperature. Moreover, the vacuum degree might decrease due to outgassing
from the MLI, or axial heat leakage of multilayer materials in the experiment may lead to
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uneven temperature distribution, thereby affecting the heat flux. Therefore, the established
numerical model is suitable for analyzing the heat transfer characteristics of composite MLL

3. Results and Discussion
3.1. Analysis of Internal Heat Transfer in MLI

To investigate the interlayer temperature distribution in composite MLI within the
liquid hydrogen temperature range, simulations were conducted under vacuum conditions
of 1073 Pa, with hot boundary temperatures of 273 K and 300 K, respectively. The composite
material consisted of 10 mm foam and 30 layers with a density of 28.4 layers/cm. The
results are shown in Figure 3. As illustrated in Figure 3a, the temperature variation
trends within the composite MLI are consistent for different hot boundary temperatures,
gradually increasing along the layer count direction at a cold boundary temperature of
4 K. A significant temperature gradient is observed in the cold boundary region of the
composite MLI, which gradually decreases with the layer count and reaches its minimum
in the hot boundary region.

Moreover, to reduce the heat flux through the composite ML, it is essential to analyze
the distribution of radiative heat transfer, solid conduction, and gaseous conduction heat
fluxes between layers. Figure 3b shows that solid conduction decreases from 0.8324 W/m?
to 0.2931 W/m? along the layer count direction, while radiative heat transfer increases
from 0.0244 W/m? to 0.4779 W/m? under a hot boundary temperature of 300 K. The heat
flux exhibits the same trend at a hot boundary temperature of 273 K: radiative heat transfer
is not significant near the cold boundary region, and solid conduction dominates. Near
the hot boundary region, radiative heat transfer exceeds solid conduction, becoming the
dominant heat transfer mechanism. This phenomenon persists even as the hot boundary
temperature increases to 300 K. At this point, the thermal insulation performance of the
composite MLI can be improved by adding more radiation layers near the hot boundary
region or increasing the spacer layers near the cold boundary [24]. Additionally, within
the liquid hydrogen temperature range, there exists a critical temperature in the composite
MLI where the heat fluxes of radiative heat transfer and solid conduction are equal. As the
hot boundary temperature increases from 273 K to 300 K, the critical temperature shifts
from point A to point B, indicating that both radiative heat transfer and solid conduction
heat fluxes increase in accordance with the rising hot boundary temperature. Furthermore,
the increase in radiative heat transfer is more pronounced than that of solid conduction,
making radiative heat transfer more sensitive to changes in the hot boundary temperature.

3 - Radiative heat transfer Radiative heat transfer
L 300K * (273K)
300 08} —— Solid conduction (300K) —s— Solid conduction (273K)
Gaseous conduction Gaseous conduction
- (300K} _‘—[:?_\xi
—_
¥ —
o & 06t
5 200t §
E o
2, % 04}
= s S Y At A
Lh ) ——
= 100} <
D
- 02F
0 1 1 1 L L L N 00F . .:.“‘:“?‘:"‘EI‘""T
o5 1052002530 0o s 10 15 20 25 30

Number of layers Number of layers
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Figure 3. The distribution of temperature and heat flux for different heat transfers in the MLI material:
(a) temperature distribution; (b) distribution of heat transfer rates.
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3.2. Impact of Hot Boundary Temperature Variation on Heat Flux

Under vacuum conditions better than 10~3 Pa, where gas conduction is negligible,
heat transfer through MLI predominantly occurs via interlayer solid conduction and
radiative heat transfer between reflective layers. To analyze the variation in these heat
transfer mechanisms and the total heat flux with temperature, the heat flux densities of
total heat transfer, solid conduction, and radiative transfer are plotted in Figure 4. The
figure demonstrates that at a cold boundary temperature of 4 K, the heat flux density
through the MLI structure increases as the hot boundary temperature rises. When the
cold boundary temperature increases to 20 K, the heat flux follows a similar trend. At a
hot boundary temperature of 300 K, the heat flux densities for the two types of MLI are
0.8730 W/m? and 0.8100 W/m?, respectively. The analysis reveals that with increasing
hot boundary temperature, the solid conduction, primarily contributed by the interlayer,
increases approximately linearly, while the radiative heat transfer through the reflective
layers increases at a much higher rate than solid conduction. At low temperatures, the
influence of radiative heat transfer is minimal; however, at high temperatures, its impact
becomes significant. Furthermore, experimental data indicate that MLI exhibits stable
performance at low temperatures, whereas at high temperatures, the radiative heat transfer
contributes more significantly to the total heat flux. This understanding is crucial for
designing high-performance insulation systems.

09F Radiative heat transfer 0.91 —=— Radiative heat transfer
—&— Solid conduction —e— Solid conduction

08F o Total heat flux 0.8F —a— Total heat flux
& 0.7F & 0.7F
£ £
=06 = 0.6r
é 031 .____*____—0————‘/’/.————‘ é 031 .____4______.————0—’—"——_—_.
2041 5 041
S O
T 03} T 03t

0.2F 0.2F

260 270 280 290 300 310 260 270 280 290 300 310
Hot boundary temperature (K) Hot boundary temperature (K)

(a) (b)

Figure 4. Influence of thermal boundary temperature variation on heat flux in different conductive
systems: (a) cold boundary temperature of 4 K; (b) cold boundary temperature of 20 K.

Additionally, to observe the effects of varying hot boundary temperatures on the three
heat transfer components within the liquid hydrogen temperature range, the proportions
of solid conduction, radiative heat transfer, and gas conduction at different hot boundary
temperatures for the intermediate layer are plotted in Table 2. This illustrates that as the
hot boundary temperature increases, the proportion of solid conduction in the total heat
flux decreases, while the proportion of radiative heat transfer gradually increases. The
proportion of gas conduction decreases only slightly as the hot boundary temperature
increases, from 1.08% to 0.87% at a cold boundary temperature of 4 K and from 1.09%
to 0.90% at 20 K. When the cold boundary temperature is 20 K and the hot boundary
temperature rises from 273 K to 313 K, the proportion of radiative heat transfer increases
from 26.38% to 37.48%, while the proportion of solid conduction decreases from 72.52% to
61.61%. At a cold boundary temperature of 4 K, the proportion of radiative heat transfer
increases from 32.45% to 44.47%, while the proportion of solid conduction decreases from
66.46% to 54.66%. Therefore, at higher hot boundary temperatures, effectively reducing
radiative heat transfer can significantly enhance the insulation performance of the materials,
thereby minimizing liquid hydrogen losses within the container.
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Table 2. Proportion of three heat transfer modes in composite multilayer insulation materials: (a) cold
boundary temperature of 4 K; (b) cold boundary temperature of 20 K.

()
Ratio of Heat Flux (%), Cold Boundary Temperature of 4 K

Hot Boundary
Temperature (K) Solid Gaseous Conduction Radiative Heat
Conduction Transfer
273 66.46 1.08 32.46
283 63.54 1.03 35.43
293 60.55 0.97 38.48
303 58.55 0.94 40.52
313 54.67 0.87 44.47
(b)
Ratio of Heat Flux (%), Cold Boundary Temperature of 20 K
Hot Boundary
Temperature (K) Solid Gaseous Conduction Radiative Heat
Conduction Transfer
273 72.53 1.09 26.38
283 69.88 1.05 29.07
293 67.17 1.00 31.83
303 64.40 0.95 34.65
313 61.61 0.90 37.48

3.3. Impact of Foam Insulation Addition Under Different Vacuum Degrees

As the service life increases, actual production and transportation processes will
inevitably lead to a decline in the vacuum degree of cryogenic tanks, thereby affecting the
insulation performance of composite MLI. Table 3 shows the heat flux through 30 layers
of MLI and composite MLI, consisting of 10 mm thick SOFI and 30 layers of MLI within a
vacuum range of 10~° Pa to 10~! Pa in the liquid hydrogen temperature range. Under the
same hot and cold boundary temperature conditions, the heat flux of the MLI increases
from 0.8859 W/m? to 0.8959 W /m? within the vacuum range of 10~° Pa to 10~3 Pa, whereas
the heat flux of the composite MLI increases from 0.8655 W/m? to 0.8730 W /m?, with the
addition of foam insulation enhancing the insulation performance by only 2.45%. Thus,
the addition of foam insulation at high vacuum degrees essentially does not affect the
overall thermal insulation performance of the composite MLI. In other words, under these
conditions, the MLI primarily governs the reduction in heat flux to the tank, with the foam
insulation contributing minimally to the overall insulation performance.

Table 3. Influence of vacuum degree variation on the heat flux of MLI and composite MLL

Vacuum Heat Flux (W/m?2)

Degree (Pa) MLI Composite MLI
105 0.8860 0.8655
10—4 0.8871 0.8655
103 0.8959 0.8730
102 0.9871 0.9420
101 1.8980 1.5045

However, as the vacuum deteriorates, the heat leakage in both cases significantly
increases. When the vacuum degree rises from 1073 Pa to 10~! Pa, the heat flux of the
composite MLI surges from 0.8730 W/ m? to 1.5045 W/m?, while for the MLI, the heat
flux increases even more, reaching 1.8980 W/m?. At this point, the addition of foam
insulation improves the insulation performance by 20.76%. The vacuum degree signif-
icantly impacts the insulation performance of the materials, and the addition of foam
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insulation can effectively enhance the insulation performance of composite MLI under low
vacuum conditions.

To investigate the effect of vacuum degrees on the internal heat transfer of composite
MLI within the liquid hydrogen temperature range, the proportions of the three types
of heat transfer under different vacuum conditions are depicted in Figure 5. It can be
seen that the proportion of gaseous conduction is less than 1% under vacuum degrees
below 1073 Pa. As the vacuum degree increases, the proportion of gaseous conduction
gradually rises. When the vacuum degree increases from 102 Pa to 10~ ! Pa, the proportion
of gaseous conduction sharply increases, accounting for 53.54% of the total heat flux. This
is because the number of gas molecules participating in heat transfer is minimal under
vacuum degrees better than 10~3 Pa, and the internal radiative and solid conduction in the
composite MLI are much greater than gaseous conduction, rendering the vacuum effect
negligible. However, the deterioration of the vacuum degree leads to a significant increase
in the number of gas molecules involved in heat transfer between the MLI layers, thereby
increasing the proportion of gaseous conduction and affecting the overall heat flux.

12F [ solid conduction
. ] Gaseous conduction
[ Radiative heat transfer

—
(=)

<
o0

Ratio of heat flux (%)
o o
> (o)}

<
[}

.O
o

10° 10" 100 10° 10"
Vacuum degree (Pa)

Figure 5. The proportion of three modes of heat transfer under different vacuum conditions.

3.4. Impact of Total Layers of MLI on Heat Flux

The total number of layers in the insulation material significantly influences the
interlayer heat transfer in MLI [25]. A common method to reduce heat flux entering storage
tanks is by increasing the number of layers of wrapped MLI. Figure 6 shows the heat
transfer conditions of composite MLI with different numbers of layers under boundary
temperatures of 4 K and 300 K and a vacuum degree of 1073 Pa. To investigate the
relationship between solid conduction, radiative heat transfer, and heat flux, the radiative
heat transfer and solid conduction heat flux at 1/4, 1/2, and 3/4 positions along the MLI
layers are plotted in the figure.

As shown in Figure 6, the total heat flux, solid conduction, and radiative heat transfer
through the composite MLI all decrease continuously with the increase in the number
of layers, with the rate of heat flux decrease becoming progressively smaller. When the
number of layers increases from 40 to 50, the total heat flux decreases by 0.11 W/m?.
However, when the number of layers increases from 50 to 60, the total heat flux decreases
by only 0.06 W/m?2. At this point, increasing the number of layers has a negligible impact
on enhancing insulation performance, indicating that further increasing the number of
layers will not significantly improve performance. Simply increasing the number of layers
to enhance the insulation performance of composite MLI is not always effective, as it results
in increased tank weight, higher manufacturing complexity, and elevated transportation
costs. Therefore, other measures should be considered to improve insulation performance.
According to the established model, optimal performance is achieved with 50 layers,
resulting in a heat flux of 0.5377 W/m? through the composite MLI.
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%)

Heat flux (W/m

Additionally, analyzing the radiative heat transfer and solid conduction heat fluxes
reveals that with the increase in the number of composite MLI layers, radiative heat transfer
flux continuously increases, while solid conduction heat flux continuously decreases. At
the midpoint of the total number of layers (1/2 position), solid conduction heat flux is
greater than radiative heat transfer flux. However, at the 3/4 position of the total number of
layers, radiative heat transfer flux surpasses solid conduction heat flux. This indicates that
although the total number of layers continues to increase, the critical temperature always
exists between the midpoint and the 3/4 position of the total number of layers.

1.8

(b)
(a) —=— Radiative heat transfer 161 —=&— Radiative heat transfer
—a— Solid conduction ' —&— Solid conduction
—— Total heat flux L4F —a— Total heat flux
S0 12
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Figure 6. The curve shows the influence of the number of layers on the heat flux: (a) heat flux
distribution at 1/4 position of MLI material; (b) heat flux distribution at 1/2 position of MLI material;
(c) heat flux distribution at 3/4 position of MLI material.

3.5. Impact of Variable Density on Heat Transfer Characteristics

In accordance with the operational parameters governing the storage and transporta-
tion of liquid hydrogen, the inner and outer interlayers of the storage tank are maintained
at exceedingly high vacuum levels, thereby placing the MLI in a high vacuum state. In
general, radiative heat transfer dominates at high temperatures, while solid conduction is
the predominant mechanism at low temperatures. To address the differing heat transfer
demands at hot and cold boundaries, researchers have explored variable-density designs
based on conventional uniform-density MLI. The key to variable-density design is adjusting
the layer density according to the temperature environment. As indicated by previous
studies, in low-temperature regions, a looser layer density is required to minimize the
impact of solid conduction. In high-temperature regions, an increase in the layer density is
necessary in order to enhance the effectiveness of reflective layers in reducing radiative
heat transfer. This material combination not only enhances the insulation performance but
also reduces the overall mass of the MLIL. The implementation of a variable-density design
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allows for precise control of MLI performance, ensuring optimal efficiency and stability
even in complex scenarios such as liquid hydrogen storage and transportation. This novel
design approach offers new directions for the development and application of MLIL

3.5.1. Design of Variable-Density MLI

Currently, researchers categorize variable-density MLI into two-, three-, and four-
density regions, based on the differing layer density distributions at low- and high-
temperature segments. In practical engineering, implementing four-density regions is
challenging due to increased wrapping forces and more complex winding methods. There-
fore, variable-density MLI typically employs two-density or three-density regions. As the
number of density regions increases, the heat flux density decreases: three-density regions
reduce heat flux density by 19.2% compared to two-density regions, while four-density
regions further reduce it by 2.4% compared to three-density regions. To minimize the heat
flux entering the liquid hydrogen storage tank, this study adopts the three-density region
approach for variable-density MLI, combining them with a 10 mm polyurethane foam
layer, as illustrated in Figure 7. The goal of using the three-density region design is to
optimize composite MLI performance, achieving lower heat flux density while maintaining
structural stability, thus enhancing the efficiency and safety of liquid hydrogen storage
and transportation.

Low density Middle density High density

region region region
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Figure 7. Composite variable-density multilayer insulation structure.

When utilizing a three-density region design, the variable-density MLI is divided
into low-density, medium-density, and high-density regions. Typical layer densities are
4 layers/cm, 6 layers/cm, and 8 layers/cm for low-density regions; 10 layers/cm, 12 lay-
ers/cm, and 14 layers/cm for medium-density regions; and 16 layers/cm, 18 layers/cm,
and 20 layers/cm for high-density regions, as shown in Table 4. The number of layers
specifically refers to the reflective layers.

Table 4. Common layer densities of multilayer insulation materials.

Low-Density Region Layer Medium-Density Region High-Density Region Layer

Density (Layer/cm) Layer Density (Layer/cm) Density (Layer/cm)
8 14 20
6 12 18
4 10 16

Consequently, there are 27 possible combinations of variable-density MLI. To sim-
plify the screening process and summarize the combinations, an orthogonal experimental
method was used. In this method, the low-, medium-, and high-density regions are defined
as factors A, B, and C, respectively, with different layer densities representing the levels.
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By selecting three levels for each factor, a three-factor, three-level orthogonal experimental
model is constructed to facilitate the summarization and screening process. The factors and
levels are detailed in Table 5. This design aids with systematically examining the influence
of various factors and levels on insulation performance, thereby identifying the optimal
layer density combination. In this setup, the total thickness of the variable-density MLI
is 30 mm, and the SOFI thickness is 10 mm. With a hot boundary temperature of 300 K,
numerical calculations of the heat flux density under identical conditions for the respective
combinations were performed to determine the optimal combination. This provides a
basis for subsequent studies on interlayer temperature and component evaporation under
variable-density combinations.

The results of heat flux density calculations for different layer density combinations
are shown in Table 6. The optimal combination for composite variable-density MLI is
A1B1C1, where the low-density region has a layer density of 8 layers/cm, the medium-
density region has 14 layers/cm, and the high-density region has 20 layers/cm. With
this layer density configuration, the minimum heat flux density through a 30 mm-thick
MLI material is achieved, reaching 0.4480 W /m?. This approach utilizes the orthogonal
experimental method to determine the optimal combination of commonly used layer
densities when applied to the insulation of liquid hydrogen storage tanks. It enables a
reasonable allocation of reflective layers in low-, medium-, and high-density regions when
determining the thickness of the insulation layer, thus saving time in the variable-density
allocation for liquid hydrogen storage tanks.

Table 5. Factors and levels of layer density in multilayer insulation materials.

Factor A Factor B Factor C
Levels Layer Density of Layer Density of Layer Density of
Low-Density Region Medium-Density High-Density Region
(Layer/cm) Region (Layer/cm) (Layer/cm)
1 8 14 20
2 6 12 18
3 4 10 16

Table 6. Results and analysis of density variation and heat flux at the cold boundary temperature of
4 K liquid hydrogen storage tanks.

Case Numbers Factors VD-MLI Heat2 Leakage
A B C (W/m?)
1 1 1 1 0.4480
2 1 2 2 0.4576
3 1 3 3 0.4688
4 2 1 2 0.4800
5 2 2 3 0.4928
6 2 3 1 0.4912
7 3 1 3 0.5104
8 3 2 1 0.5200
9 3 3 2 0.5232
K1 0.4581 0.4794 0.4864
K2 0.4880 0.4901 0.4869
K3 0.5178 0.4944 0.4906
R 0.0597 0.0149 0.0042

K1, K2, and K3 represent the mean values for factors A, B, and C, respectively; R denotes the range for each factor.

Furthermore, heat flux density varies with different combinations of layer densities
and changes in the configuration of reflective and spacer layers in the radial direction. The
density variation in the low-density region significantly affects the overall heat flux density.
Analysis of different variable-density MLI structures reveals that a significant difference in
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the density of reflective screens in different density regions results in enhanced insulation
performance. However, in actual manufacturing processes, the layer density in the cold
boundary region should not be too low, to prevent issues such as the detachment of reflec-
tive layers. Therefore, within the constraints of the manufacturing process, optimizing the
composite MLI structure by appropriately adjusting layer density can enhance insulation
performance. This ensures improved tank insulation performance while avoiding potential
manufacturing issues.

3.5.2. Influence of Variable Density on Interlayer Temperature Distribution

To study the relationship between variable density and temperature distribution, we
selected the optimal layer density from Section 3.5.1 and conducted a comparative analysis
with the corresponding uniform density. We performed a computational analysis of various
composite MLI structures at a hot boundary temperature of 300 K for a liquid hydrogen
storage tank. Figure 8 illustrates the temperature distribution for different layer density
MLI structures.

300 F
2
E 200 f
E —=— variable-density
E* —*— uniform-density 8 layers/cm
S 100k —4— uniform-density 14 layers/cm
= —— uniform-density 20 layers/cm

0 1 L 1 L

0 5 10 15 20 25 30
Number of layers

Figure 8. Temperature distribution chart of different layer densities.

As shown in the figure, both variable-density and uniform-density MLI exhibit similar
upward trends. For uniform-density MLI, as the layer density decreases, the temperature
increase near the cold boundary becomes more pronounced, while it becomes more gradual
near the hot boundary. In contrast, the variable-density MLI demonstrates a greater
temperature variation, with the temperature rise near the cold boundary even surpassing
that of the insulation material composed solely of the lowest layer density in the variable-
density arrangement. Furthermore, as the layer density decreases from 20 layers/cm
to 8 layers/cm, the interlayer temperature between the SOFI and MLI in the composite
uniform-density material increases from 62.65 K to 73.62 K. This indicates that the interlayer
temperature decreases as the layer density increases. When the layer density decreases
from 20 layers/cm to 14 layers/cm, the interlayer temperature increases by only 1.45 K.
However, when the layer density decreases from 14 layers/cm to 8 layers/cm, the interlayer
temperature increases by 9.58 K. This suggests that reducing the layer density can enhance
the performance of the MLI material, but the improvement in insulation performance
becomes less significant with further reduction in layer density.

3.5.3. Effect of Variable Density on Heat Leakage

Figure 9 visually compares the heat flux density of variable-density and uniform-
density MLI structures. As illustrated in Figures 4-10, the heat flux density of uniform
density of MLI continuously decreases as layer density decreases, reaching a minimum
of 0.4201 W/m? at a layer density of eight layers/cm. The heat flux density for variable-
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density structures shows significant differences compared to various uniform-density
structures. Compared to a uniform density of 20 layers/cm, the heat flux density decreases
by 0.1680 W/m? in the variable-density structure; however, compared to a uniform density
of eight layers/cm, the heat flux density increases by 0.028 W/m?2. The phenomenon is
primarily because, in an eight layers/cm uniform-density MLI material, the spacers in the
variable-density structure have significantly less mass than those in the uniform-density
structure, leading to substantial differences in insulation performance. These differences are
not of the same order of magnitude. Therefore, comparing variable-density with uniform-
density MLI requires considering the spacer layer thickness and the number of layers under
different structures. When these conditions are met, a uniform density of 14 layers/cm can
be used for comparison. In this case, the variable-density MLI material reduces the heat
flux density by 0.0607 W/m?, representing a 13.5% improvement in insulation performance
compared with the uniform-density material at the same level.
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Figure 9. Comparison of heat flux density for different layer densities.
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Figure 10. The heat flux distribution of three items of the composite MLI material.

To explore the impact of variable density on heat flux density, Figure 10 plots the heat
flux of three components in the composite structure within a layer density of 14 layers/cm.
The figure shows that, for variable-density MLI, the gas thermal conductivity changes little
along the thick direction of the insulation layer (i.e., the direction of increasing temperature),
while solid thermal conductivity decreases and radiative heat transfer increases. Addition-
ally, two significant increases in solid thermal conductivity and two noticeable decreases in
radiative heat transfer are observed. These changes mainly occur at the transition points
from low-density to medium-density and from medium-density to high-density regions.
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This is primarily due to an increase in the number of reflective layers and the reduction in
the number of spacer layers.

3.5.4. Impact of Variable Density on Component Evaporation

To further investigate the impact of variable-density composite MLI on the hydrogen
storage capacity, the heat leakage and internal component evaporation for a layer density
ratio of 8:14:20 compared to a uniform density of 14 layers/cm are depicted in Table 7.
As shown in the table, both heat leakage and component evaporation are significantly
reduced in the variable-density MLI compared to the uniform-density MLI under identical
conditions. This indicates that the insulation performance of variable-density MLI is
superior to that of uniform-density MLI with the same thickness.

Table 7. Influence of variable-density structure on the evaporation rate of liquid hydrogen tanks.

Structure Heat Leakage (W) Component Evaporation (%/d)

Variable density
Layer density ratio: 8:14:20
Uniform density
Layer density ratio: 14:14:14

0.0695 0.0385

0.0789 0.0437

Considering economic efficiency, it is also essential to comprehensively evaluate the
composite material structure. The economic analysis should account for factors such as the
mass, material type, and cost of the composite variable-density material structure. Table 8
summarizes a comparison of the mass between uniform-density and variable-density MLIL

Table 8. Comparison of density structure quality.

Variable Density
Parameter of Materials Uniform Density Low-Density Medium-Density High-Density
Region Region Region
Thickness (mm) 30 10 10 10
Layer density (layer/cm) 14 8 14 20
Matching scheme 1
+4 1+6 1+4 1+2
(reflector + spacer layer)
Alu-layers (layers) 3x14=42 8+14+20=42
Poly-layers (layers) 42 x 4 =168 8x6+14x4+20x2=144
Alu-layer weight (kg) 0.0044 0.0044
Poly-layer weight (kg) 0.00635 0.00635
Total mass per unit (kg) 1.2516 1.0992
SOFI weight (kg) 04655081 04655081

Total mass reduction (%)

(1.2516 — 1.0992)/1.2516 = 12.18%

As shown in the table, the mass of the composite variable-density MLI increases with
the thickness of both the foam layer and the variable-density MLI layers. However, the
impact on the mass of the composite variable-density MLI differs between the foam layer
thickness and the variable-density MLI thickness. Specifically, increasing the foam layer
thickness has a more pronounced effect on the mass of the composite variable-density
MLI, while the impact of increasing the variable-density MLI thickness is relatively smaller.
Therefore, in practical engineering applications, reducing the foam layer thickness is more
effective in decreasing the mass of the composite variable-density MLI than reducing
the variable-density MLI thickness, while still meeting heat leakage requirements. This
approach further enhances the economic viability of the composite variable-density MLI.
Additionally, compared to uniform-density MLI, the overall mass of variable-density MLI
is reduced by 12.8%, significantly contributing to improved economic efficiency. When
designing and selecting composite variable-density MLI, it is crucial to consider not only
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their thermal insulation performance but also their economic factors. By optimizing the
thickness of the foam layer and the variable-density MLI, material costs can be reduced
while ensuring effective insulation, thereby achieving a more efficient and cost-effective
solution for liquid hydrogen storage and transportation.

3.6. Optimization Study on Heat Transfer Characteristics of Structural Parameters

In practical production, the structural parameters of composite variable-density MLI
are not confined to a single element. Altering one element often leads to compromises due
to external factors like spacer thickness, causing fluctuations in the values of other elements.
Therefore, it is imperative to study how to achieve optimal insulation performance within
limited spatial constraints.

To investigate the optimal insulation performance under varying foam thickness,
number of insulation layers, and variable-density conditions, an orthogonal experimental
design method with three factors and three levels is employed. Factor A represents SOFI
thickness (10 mm, 20 mm, 30 mm), Factor B represents the number of insulation layers
(30, 40, 50), and Factor C represents the density ratio of the MLI (8:14:20, 14:14:14, 6:12:18).
The factors and levels are listed in Table 9. Numerical calculations of heat flux density
under different combinations are performed to determine the relationship between each
parameter and the insulation performance of the composite variable-density MLL

Table 9. Factors and levels.

Factor A Factor B Factor C
Levels :
Thlckn(e;ls n(:)f SOFIs  Number 1\(/)[fL Ifayers of Ratio of Density
1 10 30 8:14:20
2 20 40 14:14:14
3 30 50 6:12:18

The calculated heat flux densities for different structural parameter combinations are
shown in Table 10. The table indicates that the optimal combination for minimizing heat
flux density in the composite variable-density MLI includes a foam thickness of 10 mm,
50 insulation layers, and a density ratio of 8:14:20. With this optimal combination, the
minimum heat flux density achieved is 0.3024 W/m?. This orthogonal experimental method
offers an allocation method for structural parameters in the insulation of liquid hydrogen
tanks. Given that the order of significance is Rg > Rc > Ra, when the interlayer space of the
storage tank is fixed, the number of insulation layers should be prioritized, followed by the
adjustment of variable density in the composite MLI, and finally the determination of the
foam layer thickness.

Table 10. Calculation results of heat flux density under different structural parameters.

Case Numbers Factors VD-MLI Heat2 Leakage
A B C (W/m?)
1 1 1 1 0.4480
2 1 2 2 0.4000
3 1 3 1 0.3024
4 2 1 2 0.5440
5 2 2 3 0.3680
6 2 3 1 0.3029
7 3 1 3 0.4864
8 3 2 1 0.3615
9 3 3 2 0.3224
K1 0.3787 0.4928 0.3705
K2 0.4046 0.3765 0.4221
K3 0.3901 0.3042 0.3808
R 0.0259 0.1886 0.0516

K1, K2, and K3 represent the mean values for factors A, B, and C, respectively; R denotes the range for each factor.
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4. Conclusions

A numerical model based on the layer-by-layer approach, considering radiation, solid,
and thermal conduction in the liquid hydrogen temperature range is proposed to study
the heat transfer behavior of composite MLL The following conclusions were drawn from
this study:

(1) A novel method, incorporating an accuracy model, was developed to gain insight
into the heat transfer characteristics of composite MLI within the liquid hydrogen
temperature range. This study examined the steady-state interlayer temperature dis-
tribution and the variation in heat flux per unit area with respect to the hot boundary
temperature, while also exploring the effects of vacuum level and total number of
MLI layers on insulation performance.

(2) Gas conduction is insignificant in high vacuum heat transfer processes, accounting
for less than 1%. Radjiative heat transfer dominates near the hot boundary, while
solid conduction dominates near the cold boundary. Within the MLI, there exists
a critical temperature where radiative and solid conduction heat transfer are equal.
This temperature rises with increasing hot boundary temperature and shifts towards
the cold boundary, consistently lying between the 1/2 and 3/4 positions of the total
number of MLI layers.

(3) Under vacuum conditions better than 1073 Pa, the MLI dominates heat transfer
suppression, with SOFI having minimal impact on the overall insulation performance,
enhancing it by only 2.45%. When the vacuum degree deteriorates from 102 Pa
to 107! Pa, the increase in gas molecule density causes the heat flux to jump from
0.8730 W/m? to 1.3665 W/m?. Under these conditions, the composite MLI improves
insulation performance by 20.76% compared to the MLI alone.

(4) Increasing the total number of MLI layers enhances the insulation performance of
composite MLIL. Considering both performance and cost, an optimal insulation effect
is achieved with 50 layers, resulting in a heat flux of 0.5377 W /m?.
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Nomenclature

@) Constant

Cp Specific heat at constant pressure (kJ/(kg-K))
Cy Specific heat at constant volume (kJ/ (kg-K))
f Relative density (-)

L Thickness (m)

P Vacuum degree (Pa)

q Heat flux (W/m?)

R Thermal resistance (K/W))
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T Temperature (K)
Greek letters
o Thermal accommodation coefficient (-)
A Thermal conductivity (W/(m-K))
v Ratio of Cp and Cy (-)
6 Thickness of the spacer layer (m)
o Stefan-Boltzmann constant (W/m?2-K4)
€ Emissivity (-)
Abbreviation
MLI Multilayer insulation
SOFI Spray-on foam insulation
Subscripts
1, .1 Layer number
C Cold
g Gaseous conduction
H Hot
r Radiative heat transfer
S SOFI
S Solid conduction
tot Total
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